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Description 

AN ULTRASONIC TRANSDUCER 
ASSEMBLY FOR MONITORING A FLUID 
FLOWING THROUGH A DUCT 

Background of Invention 

[0001] The present invention generally relates to transducers that 
are used to help monitor a fluid flowing through, for ex- 
ample, a canal, conduit, duct, pipe, tube, or the like. The 
present invention more particularly relates to ultrasonic 
transducers that are used to help monitor, in a non- 
intrusive manner, the flow rate or temperature of a fluid 
flowing through a duct. 

[0002] jo propel a rocket into the upper atmosphere and outer 
space, a propellant is provided to a thrusting engine situ- 
ated onboard the rocket. In most liquid-propellant type 
rocket engines, the propellant primarily includes a mix- 
ture of both fuel and an oxidizer. Typically, the fuel is 
gasoline, kerosene, alcohol, or liquid hydrogen. The oxi- 
dizer, on the other hand, is typically a cold liquefied gas 



such as liquid oxygen. In general, the fuel and oxidizer 
are individually pumped from separate tanks, conveyed 
along separate pipes or ducts, and ultimately delivered 
into a common combustion chamber associated with the 
thrusting engine. Once within the combustion chamber, 
the fuel and oxidizer together serve as a propellant mix- 
ture which is ignited and burned, thereby creating both a 
high-pressure and high-velocity stream of hot gases. This 
stream of hot gases is directed through a nozzle wherein 
the stream is further accelerated until the gases leave the 
engine area and are ultimately expelled from the thrusting 
end of the rocket. By expelling the stream of gases in this 
manner, the rocket itself is thereby thrust into the upper 
atmosphere and outer space in a direction generally op- 
posite its thrusting end. 
[0003] jo attain a proper level of thrust, the individual amounts 
of fuel and oxidizer delivered to the combustion chamber 
of a thrusting engine are closely regulated and monitored. 
In doing so, an optimum fuel-to-oxidizer propellant mix- 
ture ratio for a desired level of thrust is thereby achieved. 
In the case wherein the oxidizer is liquid oxygen, the ac- 
tual flow rate of the liquid oxygen passing through its re- 
spective duct is both sensed and monitored to thereby 



provide feedback control on the amount of liquid oxygen 
that is actively being pumped and ultimately delivered to 
the combustion chamber. In this way, efficient propellant 
consumption by a thrusting engine is realized via real 
time control. As a result, inadvertent delivery of the rocket 
and its payload into a lower-than-anticipated orbit, for 
example, is largely prevented. 
[0004] Traditionally, in-flow turbine flowmeters have been uti- 
lized for helping monitor the flow rate of liquid oxygen 
being delivered into a combustion chamber. In general, 
such in-flow turbine flowmeters are situated within the 
liquid oxygen delivery duct itself wherein the flowmeters 
physically encounter and interact with the flow of liquid 
oxygen passing therethrough. By interacting with the flow 
of liquid oxygen in this manner, the turbine flowmeters 
are thereby able to generate electrical feedback control 
signals that are representative of the real time flow veloc- 
ity of the liquid oxygen passing through the duct. Al- 
though such in-flow turbine flowmeters are generally ef- 
fective in helping monitor the flow rate of liquid oxygen, 
there are certain disadvantages in utilizing such flowme- 
ters. First, given that eddies and turbulence within a mov- 
ing fluid tend to skew overall flow velocity, installing one 



or more of such in-flow turbine flowmeters within a duct 
pursuant to a positioning scheme that attempts to accu- 
rately detect fluid flow velocity is oftentimes challenging 
and difficult. Second, if an in-flow turbine flowmeter ex- 
periences structural problems or damage while situated in 
a duct, such can sometimes render a thrusting engine al- 
together unusable. Third, such in-flow turbine flowmeters 
are relatively bulky both in terms of size and mass, 
thereby undesirably reducing the payload carrying capac- 
ity of a rocket. Fourth, the flow-intrusive or flow-invasive 
nature of such in-flow turbine flowmeters sometimes 
gives rise to a small parasitic pressure drop within a duct 
that can somewhat reduce the operating efficiency of a 
thrusting engine. 
[0005] | n recent years, ultrasonic transducer flowmeters have 
gained popularity due to their non-intrusive manner of 
operation. In a most common and basic form, an ultra- 
sonic transducer flowmeter generally includes two 
lightweight piezoelectric ceramic wafers that are both 
mounted on and coupled to the outer surface of a duct. 
The two wafers are generally mounted on opposite sides 
of the duct such that they are slightly offset from each 
other along the length of the duct. In this way, one wafer 



is situated upstream and the other wafer is situated 
downstream along the length of the duct. Mounted as 
such, the two wafers are also electrically connected via 
separate wires to a common electric control circuit that is 
capable of transmitting and receiving electrical signals to 
and from the two wafers. In such a configuration, the con- 
trol circuit initially transmits, for example, an electrical 
signal along a wire to the upstream wafer. Upon receiving 
the electrical signal, the upstream wafer immediately con- 
verts the electrical signal into an ultrasonic acoustic signal 
and directionally transmits the acoustic signal through the 
duct and toward the downstream wafer. Upon receiving 
the acoustic signal, the downstream wafer immediately 
converts the acoustic signal into an electrical signal which 
is then conducted along a wire and received by the control 
circuit. Upon receiving the electrical signal, the control 
circuit then calculates the downstream transit time of the 
acoustic signal through the duct based on the elapsed 
time between the initial transmission of an electrical sig- 
nal to the upstream wafer and the later receipt of an elec- 
trical signal from the downstream wafer. Thereafter, the 
control circuit then transmits an electrical signal along a 
wire to the downstream wafer. Upon receiving the electri- 



cal signal, the downstream wafer immediately converts the 
electrical signal into an ultrasonic acoustic signal and di- 
rectionally transmits the acoustic signal through the duct 
and toward the upstream wafer. Upon receiving the 
acoustic signal, the upstream wafer immediately converts 
the acoustic signal into an electrical signal which is then 
conducted along a wire and received by the control circuit. 
Upon receiving the electrical signal, the control circuit 
then calculates the upstream transit time of the acoustic 
signal through the duct based on the elapsed time be- 
tween the initial transmission of an electrical signal to the 
downstream wafer and the later receipt of an electrical 
signal from the upstream wafer. After both the down- 
stream and upstream transit times have been calculated in 
this manner, the control circuit then compares the two 
transit times and calculates their difference. Given that an 
acoustic signal's transit time through a given fluid is gen- 
erally directly affected by the fluid's flow velocity, the 
transit time difference, once calculated, is then used by 
the control circuit to substantially determine the real time 
velocity of the fluid passing through the duct. After deter- 
mining the fluid velocity, known dimensions of the duct 
such as its inner diameter and associated cross-sectional 



area can then be utilized to determine a fluid flow rate by 
multiplying the velocity of the fluid by the cross-sectional 
area of the duct. Once the flow rate is determined, the 
volume and amount of fluid actually being delivered via 
the duct during a period of time can then generally be de- 
termined and thereafter adjusted as necessary. 

[0006] | n mounting the two piezoelectric ceramic wafers of an ul- 
trasonic transducer flowmeter on a duct, the wafers must 
both be intimately attached or coupled to the duct so that 
there generally is no air gap or separation between the 
wafers and the outer surface of the duct. The reason for 
such is because any air gap, separation, or delamination 
between a wafer and the outer surface of the duct tends 
to reflect and unduly interfere with any ultrasonic acoustic 
signals being directed and transmitted between the two 
wafers. Hence, if separation between even one of the two 
wafers and the outer surface of a duct is significant 
enough, proper transmission and receipt of acoustic sig- 
nals between the two wafers will no longer be possible. 
Consequently, the electric control circuit will not be able 
to accurately determine the flow rate of the fluid passing 
through the duct. 

[0007] when fluid flow through a duct occurs in an operating en- 



vironment wherein noncryogenic temperatures are in- 
volved, certain gels, epoxies, and greases can effectively 
be utilized to help intimately mount and couple the piezo- 
electric ceramic wafers of an ultrasonic transducer 
flowmeter to the outer surface of the duct. In, however, an 
operating environment onboard a liquid-propellant type 
rocket wherein cryogenic liquids are commonly circulated 
about the super-hot combustion chamber and nozzle for 
cooling and other purposes, wafer-coupling media such 
as gels, epoxies, and greases are generally not very effec- 
tive. In particular, if a gel, epoxy, or grease medium is 
used, for example, to couple a wafer to a duct in which 
liquid oxygen in its cold liquefied form is being conveyed, 
the medium will typically freeze since liquid oxygen tem- 
peratures commonly extend below 300 °F. Such freezing 
in conjunction with the extreme and violent vibration 
caused by an operating thrusting engine typically causes 
micro-cracking, fracture, and delamination in the 
medium. Consequently, the wafer is thereby separated, to 
some degree, from the outer surface of the duct, thereby 
rendering the liquid oxygen flow rate potentially undeter- 
minable. 

[0008] D ue to the above-intimated heretofore lack in flowmeters 



that are characteristically both non-intrusive and robust in 
nature, the flow rate of liquid oxygen passing through a 
duct onboard a liquid-propellant type rocket is generally 
not directly determined according to current practice. In- 
stead, engineers have alternatively had to resort to more 
indirect and less accurate methods in determining the 
flow rate of liquid oxygen onboard a liquid-propellant 
type rocket. Having to settle for such indirect methods, 
however, is generally undesirable, for such methods tend 
to facilitate less than optimum thrusting engine perfor- 
mance and also briefly mask the need for thrusting engine 
maintenance. With regard to thrusting engine perfor- 
mance, direct and accurate real time determinations of 
liquid oxygen flow rates are highly preferred for feedback 
control purposes so that timely delivery of propellant con- 
stituents into the combustion chamber can be precisely 
regulated. In this way, propellant mixture ratios within the 
combustion chamber can be timely tweaked to thereby fa- 
cilitate efficient propellant consumption and optimum 
thrusting engine performance. With regard to thrusting 
engine maintenance, direct and accurate real time deter- 
minations of liquid oxygen flow rates are also highly pre- 
ferred for making close comparisons to predicted flow 



rate values derived from a predetermined ideal engine op- 
eration model. In this way, any significant deviations of 
such accurately determined real time flow rates from pre- 
dicted engine model flow rates may be considered more 
seriously. As a result, one or more various causes for 
anomalous engine operation can be detected, isolated, 
and addressed in an early and timely fashion. Such early 
detection is highly desirable, for such helps reduce repair 
and maintenance costs when progressive type problems 
arise. In addition, such early detection is also highly desir- 
able since such helps improve overall safety. 
[0009] | n |jght of the above, there is generally a present need in 
the art for flowmeters that are characteristically both non- 
intrusive with respect to fluid flow and robust in various 
extreme operating environments. More particularly, there 
is a present need in the art for ultrasonic transducer 
flowmeters that are largely able to both endure cryogenic 
temperatures and withstand extreme vibration onboard a 
rocket without experiencing delamination from a duct 

conveying, for example, liquid oxygen. 
Summary of Invention 

[0010] The present invention provides an ultrasonic transducer 
assembly for helping monitor a fluid flowing through a 



duct. In one practicable embodiment, the ultrasonic trans- 
ducer assembly basically includes a piezoelectric trans- 
ducer element, a housing, and an electrical signals con- 
ducting means. The piezoelectric transducer element, first 
of all, has both a first contact surface and an opposite 
second contact surface. The first contact surface is elec- 
troplated with a first metallic film layer, and the second 
contact surface is electroplated with a second metallic film 
layer. The housing, in turn, is both configured on and at 
least partially conterminous with the outer surface of the 
duct. The housing itself has a chamber in which the 
piezoelectric transducer element is situated and thereby 
substantially enclosed. The electrical signals conducting 
means, last of all, serves to conduct electrical signals be- 
tween the electroplated first contact surface of the piezo- 
electric transducer element and the outside of the hous- 
ing. In such an ultrasonic transducer assembly, the elec- 
troplated second contact surface of the piezoelectric 
transducer element is solder-mounted within the housing 
such that the piezoelectric transducer element is thereby 
coupled to the outer surface of the duct in a substantially 
conterminous fashion. 
1 ] In addition, the present invention also provides a process 



for fabricating such an ultrasonic transducer assembly. In 
one practicable methodology, the fabrication process ba- 
sically includes, first of all, the steps of (1) electroplating a 
first metallic film layer on a first contact surface of a 
piezoelectric transducer element and electroplating a sec- 
ond metallic film layer on an opposite second contact sur- 
face of the piezoelectric transducer element, and (2) situ- 
ating the piezoelectric transducer element in a chamber 
within a housing. In addition, the fabrication process also 
basically includes the steps of (3) solder-mounting the 
electroplated second contact surface of the piezoelectric 
transducer element within the housing such that the 
piezoelectric transducer element is thereby coupled to the 
housing in a substantially conterminous fashion, and (4) 
installing a means for conducting electrical signals be- 
tween the electroplated first contact surface of the piezo- 
electric transducer element and the outside of the hous- 
ing. Lastly, the fabrication process also basically includes 
the steps of (5) closing the housing such that the piezo- 
electric transducer element is thereby substantially en- 
closed within the chamber of the housing, and (6) config- 
uring the housing on the outer surface of the duct such 
that the housing is at least partially conterminous with the 



outer surface of the duct and such that the piezoelectric 
transducer element is thereby coupled to the outer sur- 
face of the duct in a substantially conterminous fashion. 
[0012] | n a preferred embodiment or methodology pursuant to 
the present invention, the piezoelectric transducer ele- 
ment itself is a ceramic crystal wafer having a Curie tem- 
perature inherently associated therewith. The first and 
second metallic film layers electroplated on the first and 
second contact surfaces of the piezoelectric transducer 
element, in turn, preferably include gold, indium, silver, or 
some other soft, ductile, or malleable metal. Given such a 
material composition, the piezoelectric transducer ele- 
ment, via its electroplated second contact surface, is 
preferably solder-mounted both to the housing and within 
the housing's chamber by a low-temperature oven reflow 
process during which the piezoelectric transducer element 
and the housing are artificially pressed together. By em- 
ploying a low-temperature oven reflow process, a solder- 
ing environment with a uniform thermal gradient and a 
carefully controlled soldering temperature is thereby real- 
ized. In this way, the soldering temperature can be closely 
monitored so as to not exceed the Curie temperature of 
the piezoelectric transducer element and thereby inadver- 



tently neutralize its piezoelectric properties. Furthermore, 
to better facilitate the solder-bonding effectiveness of 
such a low-temperature oven reflow process, a low- 
temperature type solder such as, for example, an indium 
alloy type solder is preferably employed as well. 
[0013] | n implementing such a preferred embodiment or 

methodology pursuant to the present invention, the 
piezoelectric transducer element is thereby coupled to the 
outer surface of the duct in a substantially conterminous 
fashion such that any element-to-housing or housing- 
to-duct coupling medium or solder joint is particularly 
able to largely endure cryogenic temperatures and with- 
stand extreme vibration without experiencing significant 
micro-cracking, fracture, or delamination. As a result, ul- 
trasonic acoustic signals transmitted or received by the 
piezoelectric transducer element within the overall ultra- 
sonic transducer assembly are therefore not unduly inter- 
fered with, even under such cryogenic temperature and 
extreme vibration conditions. Hence, an ultrasonic trans- 
ducer assembly in a preferred embodiment, or fabricated 
according to a preferred methodology, pursuant to the 
present invention can therefore be effectively utilized in, 
for example, liquid-propellant type rocket engine propul- 



sion applications. 
[0014] Furthermore, it is believed that various alternative embod- 
iments, methodologies, design considerations, applica- 
tions, and advantages of the present invention will be- 
come apparent to those skilled in the art when the de- 
tailed descriptions of the best modes contemplated for 
practicing the present invention, as set forth hereinbelow, 
are reviewed in conjunction with the appended claims and 

the accompanying drawing figures. 
Brief Description of Drawings 

[0015] Hereinbelow, the present invention is described in detail, 
by way of example, with reference to drawings included in 
accompanying Figures 1 through 17. In all Figures 1 
through 17, the same or similar reference numerals are 
generally used to identify the same or similar features. A 
brief description of the pictorial content included within 
each of Figures 1 through 17 is set forth as follows. 

[0016] Figure 1 is a partially sectional view of two ultrasonic 
transducer assemblies that are prevalent in the known 
prior art. In this view, the two ultrasonic transducer as- 
semblies are mounted on the top and bottom of a com- 
mon duct in an offset fashion to thereby help monitor the 
flow rate of a fluid flowing therethrough. 



[0017] Figure 2 is a partially sectional view of two ultrasonic 
transducer assemblies in a first embodiment of the 
present invention. In this view, the two ultrasonic trans- 
ducer assemblies are shown to largely include housings 
that are configured on the top and bottom of a common 
duct in an offset fashion to thereby help monitor the flow 
rate of a fluid flowing therethrough. 

[0018] Figure 3 is generally a plan view of the top ultrasonic 
transducer assembly shown in Figure 2. 

[0019] Figure 4 is a close-up sectional view of the top ultrasonic 
transducer assembly shown in Figure 2. In this view, the 
housing associated with the top ultrasonic transducer as- 
sembly is shown to have an internal chamber wherein a 
piezoelectric transducer element is situated and thereby 
substantially enclosed. 

[0020] Figure 5 is an exploded sectional view of the housing en- 
closure associated with the top ultrasonic transducer as- 
sembly shown in Figure 2. In this view, as compared to 
Figure 4, the housing enclosure is sans the piezoelectric 
transducer element to thereby highlight its internal cham- 
ber. Also, in this view, the housing is shown to include a 
removable cover plate. 

[0021] Figure 6 is also a close-up sectional view of the top ultra- 



sonic transducer assembly shown in Figure 2. In this view, 
the housing associated with the top ultrasonic transducer 
assembly is alternatively shown, as indicated in Figure 3, 
from a vantage generally rotated 90 degrees from the 
vantage of Figure 4. 

[0022] Figure 7 is also an exploded sectional view of the housing 
enclosure associated with the top ultrasonic transducer 
assembly shown in Figure 2. In this view, the housing en- 
closure is alternatively shown from a vantage generally 
rotated 90 degrees from the vantage of Figure 5. 

[0023] Figure 8 is a close-up sectional view of a structural varia- 
tion of the top ultrasonic transducer assembly shown in 
Figures 2 and 3. In this view, as compared to Figure 4, the 
housing associated with the top ultrasonic transducer as- 
sembly is alternatively shown to be largely integral with 
both the outer surface and wall of the duct. 

[0024] Figure 9 is also a close-up sectional view of the structural 
variation of the top ultrasonic transducer assembly shown 
in Figures 2 and 3. In this view, the housing associated 
with the top ultrasonic transducer assembly is alterna- 
tively shown, as indicated in Figure 3, from a vantage 
generally rotated 90 degrees from the vantage of Figure 8. 

[0025] Figure 10A is a view of two ultrasonic transducer assem- 



blies in a second embodiment of the present invention. In 
this view, as compared to Figure 2, the two ultrasonic 
transducer assemblies are shown to largely include hous- 
ing enclosures that are alternatively configured on the top 
and bottom of a common duct in an offset fashion with 
separate bracket assemblies. 

[0026] Figure 10B is also a view of the two ultrasonic transducer 
assemblies shown in Figure 10A. In this view, the two ul- 
trasonic transducer assemblies are alternatively shown 
from a vantage generally rotated 180 degrees from the 
vantage of Figure 10A (i.e., an opposite side vantage). 

[0027] Figure 1 1 is a view of two ultrasonic transducer assem- 
blies in a third embodiment of the present invention. In 
this view, as compared to Figures 2 and 10, the two ultra- 
sonic transducer assemblies are shown to largely include 
housing enclosures that are alternatively configured on 
the top and bottom of a common duct in a diametric fash- 
ion with a common bracket assembly. In this diametric 
configuration, the two ultrasonic transducer assemblies 
alternatively serve to help monitor the temperature of a 
fluid flowing through the duct. 

[0028] Figure 12 is a partially cross-sectional view of the two ul- 
trasonic transducer assemblies and the duct shown in Fig- 



ure 11. In this view, the two ultrasonic transducer assem- 
blies and the duct are alternatively shown from a vantage 
generally rotated 90 degrees from the vantage of Figure 
11. 

[0029] Figure 13 is a plan view of the top ultrasonic transducer 
assembly shown in Figures 11 and 12. 

[0030] Figure 14 is a close-up sectional view of the top ultrasonic 
transducer assembly shown in Figure 11. In this view, as 
compared to Figures 4 and 8, the housing enclosure asso- 
ciated with the top ultrasonic transducer assembly is al- 
ternatively configured on the outer surface of the duct 
with help from a bracket and a hole defined therethrough. 

[0031] Figure 15 is a close-up sectional view of the top ultrasonic 
transducer assembly shown in Figure 12. In this view, the 
housing associated with the top ultrasonic transducer as- 
sembly is alternatively shown, as indicated in Figure 13, 
from a vantage generally rotated 90 degrees from the 
vantage of Figure 14. 

[0032] Figure 16A is a sectional view of a piezoelectric transducer 
element included within various embodiments of ultra- 
sonic transducer assemblies pursuant to the present in- 
vention. In this view, the piezoelectric transducer element 
is shown to include both a first contact surface and a sec- 



ond contact surface. 

[0033] Figure 16B is a sectional view of the piezoelectric trans- 
ducer element shown in Figure 16A. In this view, the first 
and second contact surfaces of the piezoelectric trans- 
ducer element are respectively electroplated with first and 
second metallic film layers. 

[0034] Figure 17A is a flow chart of a process, in one methodol- 
ogy of the present invention, for fabricating an ultrasonic 
transducer assembly utile for helping monitor a fluid 
flowing through a duct. 

[0035] Figure 17B is a flow chart of an alternative process, in an- 
other methodology of the present invention, for fabricat- 
ing an ultrasonic transducer assembly utile for helping 

monitor a fluid flowing through a duct. 
Detailed Description 

[0036] | n Figure 1, a partially sectional view of an ultrasonic 

transducer flowmeter system 20 that is prevalent in the 
known prior art is illustrated for purposes of comparison 
herein. As illustrated, the ultrasonic transducer flowmeter 
system 20 basically includes two ultrasonic transducer as- 
semblies 22A and 22B that are mounted on a common 
duct 24. The duct 24 itself, commonly made of metal, is 
substantially cylindrical and includes a wall 26 having 



both an inner surface 28 and an outer surface 30. The in- 
ner surface 28, first of all, delimits an inner diameter (D ( ) 
34 for the duct 24. In doing so, the inner surface 28 
thereby defines a hollow 32 within the duct 24 through 
which liquid oxygen, for example, is permitted to flow in a 
direction 38. The outer surface 30, on the other hand, de- 
limits an outer diameter (D ) 36 for the duct 24. As i 1 1 us— 

o 

trated, the two ultrasonic transducer assemblies 22A and 
22B are particularly mounted on the outer surface 30 of 
the duct 24 such that they are on opposite sides of the 
duct 24 and are slightly offset from each other along the 
length of the duct 24. In this configuration, the ultrasonic 
transducer assembly 22A is situated upstream and the ul- 
trasonic transducer assembly 22B is situated downstream 
relative to the direction of flow 38 of liquid oxygen pass- 
ing through the duct 24. 
[0037] The two ultrasonic transducer assemblies 22A and 22B 
have structures that are generally identical to each other. 
The upstream ultrasonic transducer assembly 22A, for ex- 
ample, basically includes a piezoelectric ceramic wafer 
40A having both a first contact surface and an opposite 
second contact surface. The first contact surface of the 
piezoelectric ceramic wafer 40A has an electrically con- 



ductive electrode 48A fixedly attached thereto via a first 
interface layer 46A. The first interface layer 46A itself is 
electrically conductive as well and may include, for exam- 
ple, a metallic film and a solder joint. The electrode 48A, 
in turn, is electrically connected to an electrically conduc- 
tive wire or cable 50A. The cable 50A serves to conduct 
electrical signals between the first contact surface of the 
piezoelectric ceramic wafer 40A and an electric control 
circuit (not shown). 
[0038] The second contact surface of the piezoelectric ceramic 
wafer 40A, on the other hand, is fixedly attached to a 
wallmount structure 44A via a second interface layer 42A. 
The second interface layer 42A itself may include, for ex- 
ample, a gel, an epoxy, or a grease medium for intimately 
coupling the second contact surface of the piezoelectric 
ceramic wafer 40A to the wallmount structure 44A. The 
wallmount structure 44A, in turn, is mounted on the outer 
surface 30 of the duct 24. In such a configuration, the 
wallmount structure 44A serves to both mount and indi- 
rectly couple the second contact surface of the piezoelec- 
tric ceramic wafer 40A to the duct 24. In addition, the 
wallmount structure 44A also serves to orient the second 
contact surface of the piezoelectric ceramic wafer 40A so 



that it generally faces the second contact surface of the 
piezoelectric ceramic wafer 40B included within the down- 
stream ultrasonic transducer assembly 22B. 
[0039] During operation of the ultrasonic transducer flowmeter 
system 20, the aforementioned electric control circuit ini- 
tially transmits an electrical signal along the cable 50A to 
the piezoelectric ceramic wafer 40A of the upstream ul- 
trasonic transducer assembly 22A. Upon receiving the 
electrical signal, the upstream wafer 40A immediately 
converts the electrical signal into an ultrasonic acoustic 
signal and transmits the acoustic signal in a direction 52, 
through the duct 24, and toward the piezoelectric ceramic 
wafer 40B of the downstream ultrasonic transducer as- 
sembly 22B. Upon receiving the acoustic signal, the 
downstream wafer 40B immediately converts the acoustic 
signal into an electrical signal which is then conducted 
along a cable 50B and received by the control circuit. 
Upon receiving the electrical signal, the control circuit 
then calculates the downstream transit time of the acous- 
tic signal through the duct 24 based on the elapsed time 
between the initial transmission of an electrical signal to 
the upstream wafer 40A and the later receipt of an electri- 
cal signal from the downstream wafer 40B. Thereafter, the 



control circuit then transmits an electrical signal along the 
cable 50B to the downstream wafer 40B. Upon receiving 
the electrical signal, the downstream wafer 40B immedi- 
ately converts the electrical signal into an ultrasonic 
acoustic signal and transmits the acoustic signal in a di- 
rection 54, through the duct 24, and toward the upstream 
wafer 40A. Upon receiving the acoustic signal, the up- 
stream wafer 40A immediately converts the acoustic sig- 
nal into an electrical signal which is then conducted along 
the cable 50A and received by the control circuit. Upon 
receiving the electrical signal, the control circuit then cal- 
culates the upstream transit time of the acoustic signal 
through the duct 24 based on the elapsed time between 
the initial transmission of an electrical signal to the down- 
stream wafer 40B and the later receipt of an electrical sig- 
nal from the upstream wafer 40A. After both the down- 
stream and upstream transit times have been calculated in 
this manner, the control circuit then compares the two 
transit times and calculates their difference. Once calcu- 
lated, the transit time difference is then used by the con- 
trol circuit to substantially determine the real time velocity 
of the liquid oxygen passing through the duct 24. After 
determining the velocity, known dimensions of the duct 



24 such as its inner diameter (D ( ) 34 and associated 
cross-sectional area are then utilized to determine a flow 
rate by multiplying the velocity of the liquid oxygen by the 
cross-sectional area of the duct 24. Once the flow rate is 
determined, the volume and amount of liquid oxygen ac- 
tually being delivered via the duct 24 during a period of 
time are then generally determined and thereafter ad- 
justed as necessary. 
[0040] Although the ultrasonic transducer flowmeter system 20 
of Figure 1 is reasonably effective when operating in envi- 
ronments wherein noncryogenic temperatures are in- 
volved, the system 20 is generally not very effective in an 
operating environment wherein cryogenic temperatures 
are involved. For example, onboard a liquid-propellant 
type rocket wherein cryogenic liquids are circulated about 
the super-hot combustion chamber and nozzle for cool- 
ing and other purposes, a medium such as a gel, an 
epoxy, or a grease, as employed within the system 20, 
that is utilized to couple a piezoelectric ceramic wafer to a 
duct in which liquid oxygen, for example, is being con- 
veyed is highly prone to freezing. The reason for such is 
because liquid oxygen, in its characteristic cold liquefied 
form, commonly has a temperature that extends below 



300 °F. Any such freezing of the wafer-coupling medium 
in conjunction with the extreme and violent vibration 
caused by an operating thrusting engine typically causes 
micro-cracking, fracture, and delamination in the 
medium. Consequently, any wafer coupled to the duct by 
any such medium is typically separated, to some degree, 
from the outer surface of the duct. As a result, the flow 
rate of the liquid oxygen through the duct is thereby ren- 
dered potentially undeterminable. 
[0041] | n Figures 2 through 9, an ultrasonic transducer flowmeter 
system 100 is shown and herein proposed as a remedy to 
the afore-mentioned problem of wafer-coupling media 
becoming delaminated in a cryogenic temperature and vi- 
bratory operating environment. The ultrasonic transducer 
flowmeter system 100, in general, is a first practicable 
embodiment of the present invention disclosed herein. As 
illustrated in Figure 2, the ultrasonic transducer flowmeter 
system 100 basically includes two ultrasonic transducer 
assemblies 101A and 101B that are mounted on a com- 
mon section of duct 102. The two ultrasonic transducer 
assemblies 101A and 101B are particularly mounted on 
the duct section 102 such that they are on opposite sides 
of the duct section 102 and are slightly offset from each 



other along the length of the duct section 102. In the con- 
figuration particularly set forth in Figure 2, the ultrasonic 
transducer assembly 101A is situated upstream and the 
ultrasonic transducer assembly 101B is situated down- 
stream relative to the direction of flow 109 of liquid oxy- 
gen, for example, passing through the duct section 102. 
Situated as such, the upstream ultrasonic transducer as- 
sembly 101A and the downstream ultrasonic transducer 
assembly 101B thereby cooperatively help monitor the 
flow rate of liquid oxygen flowing through the duct sec- 
tion 102. 

[0042] As illustrated in Figure 2, the duct section 102 itself is 
substantially cylindrical and includes a wall 103 having 
both an inner surface 104 and an outer surface 105. The 
inner surface 104, first of all, delimits an inner diameter 
(D ( ) 107 for the duct section 102. In doing so, the inner 
surface 104 thereby defines a hollow 106 within the duct 
section 102 through which liquid oxygen is permitted to 
flow in the direction 109. The outer surface 105, on the 
other hand, defines a tubulate middle section 173 fixed 
between two flange end sections 174A and 174B. To- 
gether, the tubulate middle section 173 and the two 
flange end sections 174A and 174B cause the duct section 



102 to outwardly resemble a spool. Within such a config- 
uration, the outer surface of the tubulate middle section 
173 thereby delimits an outer diameter (D q ) 108 for the 
duct section 102 in general. The two flange end sections 
174A and 174B, in turn, respectively include grooves 
110A and HOB (not shown) that encircle the hollow 106 
at opposite ends of the duct section 102. Defined and ar- 
ranged as such, the encircling grooves 110A and HOB fa- 
cilitate mating of the duct section 102 with, for example, 
other sections of duct. In addition thereto, the two flange 
end sections 174A and 174B also respectively include 
holes 111A, 112Aand 111B, 112B defined through their 
respective peripheries. These holes facilitate fastening of 
the duct section 102 to other sections of duct with, for 
example, bolts or fastening rods. 
[0043] As illustrated in Figures 2 through 9, the two ultrasonic 
transducer assemblies lOlAand 101B themselves have 
structures that are generally identical to each other. The 
upstream ultrasonic transducer assembly 101A, for exam- 
ple, basically includes a piezoelectric transducer element 
142A, a housing 113A, and an electrical signals conduct- 
ing means 117A. As illustrated in Figure 16A, the piezo- 
electric transducer element 142A, first of all, has both a 



first contact surface 175A and an opposite second contact 
surface 176A. As further illustrated in Figure 16B, the first 
contact surface 175A is electroplated with a first metallic 
film layer 177A, and the second contact surface 176A is 
electroplated with a second metallic film layer 178A. Al- 
though various other constituent soft metals such as gold, 
indium, or the like may be utilized, the first and second 
metallic film layers 177Aand 178A themselves preferably 
comprise silver due, at least in part, to its desirable sol- 
derability and electrical conductivity characteristics. As 
best illustrated in Figures 2, 4, and 6, the housing 113A, 
in turn, is both configured on and at least partially conter- 
minous with the outer surface 105 of the duct section 
102. The housing 113A itself has a chamber 115A in 
which the piezoelectric transducer element 142A is situ- 
ated and thereby substantially enclosed. The electrical 
signals conducting means 117A, last of all, serves to con- 
duct electrical signals between the electroplated first con- 
tact surface 175A of the piezoelectric transducer element 
142A and the outside of the housing 113A. In such an ul- 
trasonic transducer assembly 101A, the electroplated sec- 
ond contact surface 176Aof the piezoelectric transducer 
element 142A is generally solder-mounted within the 



housing 113A such that the element 142A is thereby cou- 
pled to the outer surface 105 of the duct section 102 in a 
substantially conterminous fashion. 
[0044] Although other constituent piezoelectric materials may be 
utilized, the piezoelectric transducer element 142A itself 
is preferably a ceramic crystal wafer having a lead zir- 
conate titanate (PZT) composition. In successful embodi- 
ments built to date, ceramic crystal wafers purchased 
from Piezo Kinetics Incorporated of Bellefonte, Pennsylva- 
nia have been utilized. As purchased, each ceramic crystal 
wafer is generally shaped as a disk and has a diameter of 
about 3/8 inch and a thickness of approximately 80 mils. 
In addition, each ceramic crystal wafer, as purchased, is 
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particularly of a PZT-5 material type and has an inher- 
ent Curie temperature of about 500 to 700 °F associated 
therewith. Lastly, as purchased, each ceramic crystal wafer 
also has two very thin metallic electrodes (not shown) sit- 
uated thereon. One of the two metallic electrodes is at- 
tached to the top of the ceramic crystal wafer, and the 
other of the two metallic electrodes is attached to the 
bottom of the ceramic crystal wafer. Although other con- 
stituent metallic materials may also be suitable, the two 
electrodes attached to the ceramic crystal wafer, as pur- 



chased, each largely comprise silver. 
[0045] As shown in Figures 3 through 7, the housing 113A1 par- 
ticularly included within the ultrasonic transducer assem- 
bly 101A1 comprises a plurality of pieces. The pieces, in 
general, are attached together and collectively situated on 
the outer surface 105 of the duct section 102. As best il- 
lustrated in Figures 4 and 6, the housing 113A1 itself par- 
ticularly includes a wallmount structure 162A1, an open- 
topped enclosure 15 1A, and a removable metallic cover 
plate 116A. 

[0046] The wallmount structure 162A1, first of all, is generally 

shaped as a Lilliputian hillock that is integral with, or inti- 
mately attached to, the outer surface 105 of the duct sec- 
tion 102. Shaped and situated as such, the wallmount 
structure 162A1 is thereby largely conterminous with the 
outer surface 105 of the duct wall 103. Although other 
constituent materials may indeed be utilized, the wall- 
mount structure 162A1 itself is preferably made of metal, 
for such is the common constituent material of the duct 
section 102 in many operating environments to which the 
present invention is more likely applicable. Furthermore, 
to physically accommodate the enclosure 15 1A for the 
purpose of mounting, the wallmount structure 162A1 has, 



as best shown in Figure 6, a fitted well-like hole 147A1 
and also two threaded bolt holes 156A1 and 157A1 de- 
fined within its outer surface 114A1. 
[0047] The open-topped enclosure 15 1A, in turn, may itself be 
made of, for example, metal, plastic, or even ceramic ma- 
terial. As illustrated in Figures 3 through 7, the enclosure 
15 1A has a partially fitted external surface 152A. When 
viewed from the top, the external surface 152A of the en- 
closure 15 1A is generally shaped as a somewhat rounded 
diamond, as particularly suggested in Figure 3. When al- 
ternatively viewed from the side, the external surface 
152A of the enclosure 151A is fittingly shaped such that, 
first, the upper portion of the enclosure 15 1A snugly rests 
on the outer surface 114A1 of the wallmount structure 
162A1 and, second, the lower portion of the enclosure 
151A closely nests within the hole 147A1 defined in the 
wallmount structure 162A1. Most preferably, the bottom 
surface portion 145Aof the external surface 152Aof the 
enclosure 15 1A is specifically shaped to physically com- 
plement and closely match the shape or contour of the 
bottom surface of the hole 147A1. As best illustrated in 
Figure 4, the hole 147A1 in the wallmount structure 
162A1 is particularly defined in a non-vertical or tilted 



fashion. In this way, the enclosure 15 1A is both mounted 
and precisely oriented within the hole 147A1 such that the 
second contact surface 176A of the piezoelectric trans- 
ducer element 142A situated within the enclosure 151A 
generally faces the second contact surface 176B (not 
shown) of the piezoelectric transducer element 142B (not 
shown) included within the downstream ultrasonic trans- 
ducer assembly 101B. Furthermore, to establish contermi- 
nous coupling between the lower portion of the enclosure 
15 1A and the wallmount structure 162A1, the external 
surface 152A of the lower portion of the enclosure 15 1A 
is electroplated with a "wet" metallic film layer 146A just 
prior to the enclosure 151A being pressed and mounted 
within the hole 147A1 during fabrication assembly. In this 
way, the metallic film layer 146A, at the very least, partic- 
ularly establishes conterminous coupling between a bot- 
tom surface portion 145A of the external surface 152A of 
the enclosure 151Aand the bottom of the hole 147A1 
within the wallmount structure 162A1. Although various 
other constituent soft metals such as, for example, silver 
or indium may be utilized, the metallic film layer 146A it- 
self preferably comprises gold due, at least in part, to its 
desirable resistance to corrosion. 



[0048] As best illustrated in Figures 4 through 7, the enclosure 
15 1A is internally shaped, on the other hand, so as to de- 
fine two threaded screw holes 149A1 and 150A1, two 
threaded bolt holes 160A and 161A, and the aforemen- 
tioned chamber 115A1. The two threaded screw holes 
149A1 and 150A1, first of all, are sized for tightly accom- 
modating two threaded screws 126A and 12 7A. The two 
threaded bolt holes 160A and 161A, in turn, are sized for 
tightly accommodating two threaded bolts 130A and 
131A. The chamber 115A1, lastly, is somewhat gener- 
ously sized so as to physically accommodate both the 
piezoelectric transducer element 142A and part of the 
electrical signals conducting means 117A. 

[0049] jhe chamber 115A1 itself has an internal surface 148A1 
that is at least partially electroplated with an internal 
metallic film layer (not particularly shown). Although vari- 
ous other constituent soft metals such as, for example, 
gold or indium may be utilized, the internal metallic film 
layer itself preferably comprises silver due, at least in 
part, to its desirable solderability and electrical conductiv- 
ity characteristics. In order to fixedly situate the piezo- 
electric transducer element 142A within the chamber 
115A1 such that the element 142A is successfully coupled 



to the enclosure 151A in a substantially conterminous 
fashion, the second metallic film layer 178A electroplated 
on the second contact surface 176A of the element 142A 
is solder-mounted to the internal metallic film layer in an 
area that specifically covers a floor surface portion 144A1 
of the internal surface 148A1 of the chamber 115A1. In 
this way, a bond layer 143A1 (i.e., a solder joint) is ulti- 
mately formed between the second contact surface 176A 
of the element 142A and the floor surface portion 144A1 
of the chamber 115A1. To ensure that the bond layer 
143A1 has desirable adhesion characteristics and the 
piezoelectric transducer element 142A retains its piezo- 
electric properties, the solder-mounting of the element 
142A to the floor surface portion 144A1 of the chamber 
115A1 is preferably carried out with an indium alloy type 
solder and a low-temperature oven reflow process. To 
further ensure such desirable adhesion characteristics, the 
material composition of the bond layer 143A1 is prefer- 
ably designed such that the layer 143A1 has an overall in- 
herent thermal coefficient of expansion (TCE) that is gen- 
erally numerically between the inherent TCE of the piezo- 
electric transducer element 142A and the inherent TCE of 
the enclosure 151A. 



[0050] As shown in Figures 3 through 7, the removable metallic 
cover plate 116A itself is shaped such that it evenly 
matches and thereby substantially covers the open top of 
the enclosure 15 1A. Shaped as such, the cover plate 116A 
has a plurality of holes defined therethrough. These holes, 
in particular, include two threaded screw holes 153A and 
155A, two threaded bolt holes 158A and 159A, and a hole 
154A for physically accommodating the aforementioned 
electrical signals conducting means 117A. The two 
threaded screw holes 153A and 155A, first of all, are 
sized for tightly accommodating the two threaded screws 
126A and 127A. In addition, the two threaded screw holes 
153A and 155A are also collinearly aligned respectively 
with the two threaded screw holes 149A1 and 150A1 de- 
fined in the upper portion of the enclosure 15 1A. The two 
threaded bolt holes 158A and 159A, in turn, are sized for 
tightly accommodating the two threaded bolts 130A and 
13 1A. In addition, the two threaded bolt holes 158A and 
159A are also collinearly aligned respectively with both 
the two threaded bolt holes 160A and 161A defined in the 
upper portion of the enclosure 15 1A and also the two 
threaded bolt holes 156A1 and 157A1 defined in the 
outer surface 114A1 of the wallmount structure 162A1. 



Given such hole alignment, the cover plate 116A can be 
removably fastened onto the open top of the enclosure 
151Awith the two threaded screws 126Aand 127Aanda 
pair of small annular washers 128A and 129A as shown in 
Figures 3 and 4. To facilitate airtight sealing of the cham- 
ber 115A1 within the enclosure 151A in order to help 
prevent the infiltration of contaminants and corrosion, a 
thin layer (not shown) of silicone grease, for example, is 
preferably applied on the bottom surface 179A of the 
cover plate 116A prior to being fastened onto the top of 
the enclosure 15 1A. Furthermore, the cover plate 116A 
along with the enclosure 15 1A can also be removably fas- 
tened onto the wallmount structure 162A1 with the two 
threaded bolts 130A and 131A and a pair of large annular 
washers 132A and 133A as shown in Figures 3 and 6. 
Given such a configuration, open access is thereby pro- 
vided to any contents situated within the chamber 115A1 
of the enclosure 15 1A whenever the cover plate 116Ais 
removed. In this way, the contents within the chamber 
115A1 can be serviced as desired or as necessary. 
[0051] As briefly alluded to earlier hereinabove, the electrical 

signals conducting means 117A primarily serves the role 
of conducting electrical signals between the electroplated 



first contact surface 175A of the piezoelectric transducer 
element 142A and the outside of the housing 113A1. In 
this way, an electric control circuit (not shown) remotely 
situated outside of the housing 113A1 can thereby trans- 
mit or receive electrical signals to or from the piezoelec- 
tric transducer element 142A for the purpose of deter- 
mining the flow rate of the liquid oxygen passing through 
the duct section 102. As illustrated in Figures 4 and 6, the 
electrical signals conducting means 117A itself primarily 
includes a coaxial cable 120A, an electrical connector 
125A, a first metallic lug 135A, a bare service wire 136A, 
a second metallic lug 137A, a metal screw 138A, and an 
anechoic cone 140A. 
[0052] a s Des t illustrated in Figures 3, 4, and 6, the coaxial cable 
120A itself includes an inner conductor 121A, an insulat- 
ing sleeve 122A, an outer conductor 123A, and an insu- 
lating jacket 124A. The inner conductor 12 1A, first of all, 
is electrically conductive and primarily serves to help 
communicate electrical signals between the electroplated 
first contact surface 175A of the piezoelectric transducer 
element 142A and the outside of the housing 113A1. The 
insulating sleeve 122A, next of all, encircles the inner 
conductor 12 1A and primarily serves to electrically isolate 



the inner conductor 12 1A from the outer conductor 123A. 
In general, the insulating sleeve 122A itself is made of a 
dielectric material such as, for example, solid or foamed 
polyethylene. The outer conductor 123A, in turn, encircles 
the insulating sleeve 122A and is generally made of woven 
strands or fibers of electrically conductive material. The 
outer conductor 123A primarily serves as an electrical 
grounding means. The insulating jacket 124A, last of all, 
is made of an electrically insulative material and encircles 
the outer conductor 123A. Given such a configuration, the 
insulating jacket 124A thereby primarily serves to contain 
the inner conductor 12 1A, the insulating sleeve 122A, and 
the outer conductor 123A in an orderly and electrically 
safe fashion. 

[0053] As shown in Figures 4 and 6, the electrical connector 

125A itself is installed in a fixed fashion within the hole 
154A defined in the removable metallic cover plate 116A. 
To facilitate airtight sealing of the chamber 115A1 within 
the enclosure 15 1A, a small amount of silicone grease, for 
example, is preferably applied on the outer sides of the 
connector 125A just prior to being installed within the 
hole 154A of the cover plate 116A. Along the center axis 
of the connector 125A, the connector 125A includes a 



center conductor 134A. On the bottom of the connector 
125A, the first metallic lug 135A is thereon fixed such 
that it is in electrical contact with the center conductor 
134A. In general, the connector 125A is structurally con- 
figured and constructed such that when the coaxial cable 
120A is properly connected to the top of the connector 
125A, the inner conductor 12 1A, the center conductor 
134A, and the first metallic lug 135A are all thereby seri- 
ally connected together in an electrically conductive and 
communicative fashion. At the same time, the outer con- 
ductor 123A of the coaxial cable 120A is thereby electri- 
cally grounded via the connector 125A to both the hous- 
ing 113A1 and the duct wall 103. 
[0054] -rh e bare service wire 136A, in turn, is electrically inter- 
connected between the first metallic lug 135A and the 
second metallic lug 137A. In particular, the first end of 
the service wire 136A is both crimped and soldered onto 
the first metallic lug 135A, and the second end of the ser- 
vice wire 136A is both crimped and soldered onto the 
second metallic lug 137A. Connected as such, the service 
wire 136A thereby primarily serves to conduct electrical 
signals between the first metallic lug 135A and the second 
metallic lug 137A. The service wire 136A itself preferably 



comprises a plurality of electrically conductive strands 
that are substantially held together via braiding, inter- 
weaving, knotting, plaiting, stranding, twisting, tying, 
and/or wrapping. In this way, the service wire 136A is 
characteristically highly flexible and is therefore able to 
endure freezing temperatures as well as withstand ex- 
treme and violent vibration without breaking. Further- 
more, the service wire 136A, by design, preferably does 
not have an insulative jacket or covering. The reason for 
such is because experience has demonstrated that an in- 
sulative jacket has the tendency to freeze, become brittle, 
break apart, and become loose within the chamber 115A1 
in an operating environment involving cryogenic tempera- 
tures and extreme vibration. When such occurs, the 
piezoelectric transducer element 142A and its aforemen- 
tioned two very thin metallic electrodes thereby become 
susceptible to damage. Thus, it is for this reason that the 
service wire 136A is, by design, preferably bare. It is to be 
understood, however, that the service wire 136A may al- 
ternatively include an insulative jacket for applications in- 
volving less extreme operating environments. 
[0055] | n addition to being both highly flexible and bare, the ser- 
vice wire 136A is extra long in terms of its length. Such 



extra length, sometimes referred to as a "service loop," 
permits the cover plate 116Ato be unfastened and re- 
moved from the top of the enclosure 15 1A at a distance 
sufficient to enable a technician, for example, to service 
the contents of the chamber 115A1 within the overall 
housing 113A1 during times of non-operation. Given 
such extra length, preventative care must therefore be ex- 
ercised to ensure that the bare service wire 136A does not 
come into contact with the electroplated internal surface 
148A1 (i.e., lining) of the chamber 115A1 during actual 
operation. In this way, electrical signals passing between 
the aforementioned electric control circuit and the piezo- 
electric transducer element 142A during operation are not 
inadvertently electrically "shorted" to the housing 113A1 
and duct wall 103. To prevent such electrical shorting 
from occurring, cotton balls, foam balls, solidifying 
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sponge-type Styrofoam , or the like (not shown), for ex- 
ample, are preferably packed and stuffed about the bare 
service wire 136A in a manner that both physically sup- 
ports and electrically isolates the wire 136A from the in- 
ternal surface 148A1 of the chamber 115A1. As an alter- 
native, an insulative cylindrical liner (not shown) may in- 
stead be slipped down into the chamber 115A1 such that 



the liner closely lines and covers the electroplated internal 
surface 148A1 of the chamber 115A1. 

[0056] As illustrated in Figures 4 and 6, the second metallic lug 
137A is integral with or fixedly attached onto the top of 
the metal screw 138A such that the lug 137A and the 
screw 138A are in electrical contact with each other. The 
metal screw 138A itself, in turn, is threaded and is 
thereby tightly received within a threaded hole defined 
within the anechoic cone 140A. The anechoic cone 140A 
itself is characteristically reverberation resistant and 
thereby helps facilitate the substantially echo-free and 
unidirectional transmission and receipt of ultrasonic 
acoustic signals between the piezoelectric transducer ele- 
ment 142A of the upstream ultrasonic transducer assem- 
bly 101A1 and the piezoelectric transducer element 142B 
of the downstream ultrasonic transducer assembly 101B. 

[0057] | n addition to being reverberation resistant, the anechoic 
cone 140A has an outside surface 139A at least partially 
electroplated with an outside metallic film layer (not par- 
ticularly shown). Although various other constituent soft 
metals such as, for example, gold or indium may be uti- 
lized, the outside metallic film layer itself preferably com- 
prises silver due, at least in part, to its desirable solder- 



ability and electrical conductivity characteristics. In order 
to fixedly situate the anechoic cone 140A onto the first 
contact surface 175A of the piezoelectric transducer ele- 
ment 142A such that the cone 140A is successfully cou- 
pled to the element 142A in a substantially conterminous 
fashion, a flat bottom surface portion of the electroplated 
outside surface 139Aof the cone 140A is solder-mounted 
onto the first metallic film layer 177A electroplated on the 
first contact surface 175A of the element 142A. In this 
way, a bond layer 141A (i.e., a solder joint) is ultimately 
formed between the outside surface 139A of the anechoic 
cone 140A and the first contact surface 175A of the ele- 
ment 142A. To ensure that the bond layer 141A has de- 
sirable adhesion characteristics and the piezoelectric 
transducer element 142A retains its piezoelectric proper- 
ties, the solder-mounting of the anechoic cone 140A onto 
the element 142A is preferably carried out with an indium 
alloy type solder and a low-temperature oven reflow pro- 
cess. To further ensure such desirable adhesion charac- 
teristics, the material composition of the bond layer 141A 
is preferably designed such that the layer 141A has an 
overall inherent thermal coefficient of expansion (TCE) 
that is generally numerically between the inherent TCE of 



the piezoelectric transducer element 142A and the inher- 
ent TCE of the anechoic cone 140A. Within such a config- 
uration, the anechoic cone 140A thereby further serves to 
conduct electrical signals between the metal screw 138A 
and the first contact surface 175A of the piezoelectric 
transducer element 142A. 
[0058] During operation of the ultrasonic transducer flowmeter 
system 100 in Figures 2 through 7, the aforementioned 
electric control circuit initially transmits an electrical sig- 
nal along the electrical signals conducting means 117A to 
the piezoelectric transducer element 142A of the up- 
stream ultrasonic transducer assembly 101A1. Upon re- 
ceiving the electrical signal, the upstream element 142A 
immediately converts the electrical signal into an ultra- 
sonic acoustic signal and transmits the acoustic signal in a 
direction 118, through the duct section 102, and toward 
the piezoelectric transducer element 142B of the down- 
stream ultrasonic transducer assembly 101B. Upon receiv- 
ing the acoustic signal, the downstream element 142B im- 
mediately converts the acoustic signal into an electrical 
signal which is then conducted along an electrical signals 
conducting means 117B and received by the control cir- 
cuit. Upon receiving the electrical signal, the control cir- 



cuit then calculates the downstream transit time of the 
acoustic signal through the duct section 102 based on the 
elapsed time between the initial transmission of an elec- 
trical signal to the upstream element 142A and the later 
receipt of an electrical signal from the downstream ele- 
ment 142B. Thereafter, the control circuit then transmits 
an electrical signal along the electrical signals conducting 
means 117B to the downstream element 142B. Upon re- 
ceiving the electrical signal, the downstream element 
142B immediately converts the electrical signal into an ul- 
trasonic acoustic signal and transmits the acoustic signal 
in a direction 119, through the duct section 102, and to- 
ward the upstream element 142A. Upon receiving the 
acoustic signal, the upstream element 142A immediately 
converts the acoustic signal into an electrical signal which 
is then conducted along the electrical signals conducting 
means 117A and received by the control circuit. Upon re- 
ceiving the electrical signal, the control circuit then calcu- 
lates the upstream transit time of the acoustic signal 
through the duct section 102 based on the elapsed time 
between the initial transmission of an electrical signal to 
the downstream element 142B and the later receipt of an 
electrical signal from the upstream element 142A. After 



both the downstream and upstream transit times have 
been calculated in this manner, the control circuit then 
compares the two transit times and calculates their differ- 
ence. Once calculated, the transit time difference is then 
used by the control circuit to substantially determine the 
real time velocity of the liquid oxygen passing through the 
duct section 102. After determining the velocity, known 
dimensions of the duct section 102 such as its inner di- 
ameter (D ( ) 107 and associated cross-sectional area are 
then utilized to determine a flow rate by multiplying the 
velocity of the liquid oxygen by the cross-sectional area 
of the duct section 102. Once the flow rate is determined, 
the volume and amount of liquid oxygen actually being 
delivered via the duct section 102 during a period of time 
are then generally determined and thereafter adjusted as 
necessary. 

[0059] | n Figures 8 and 9, close-up sectional views of a structural 
variation of the upstream (i.e., top) ultrasonic transducer 
assembly 101A in Figures 2 and 3 are shown. In particu- 
lar, the variant ultrasonic transducer assembly 101A2 in 
Figures 8 and 9 is sans both the enclosure 15 1A and the 
coupling metallic film layer 146A included in the ultra- 
sonic transducer assembly 101A1 of Figures 4 through 7. 



Although the variant ultrasonic transducer assembly 
101A2 is much simpler in terms of how the second con- 
tact surface 176A of the piezoelectric transducer element 
142A is ultimately coupled to the duct wall 103, it is 
somewhat more cumbersome to fabricate and service 
since the housing 113A2 itself is largely altogether inte- 
gral with the duct wall 103. 
[0060] | n contrast to identified features of the heretofore-dis- 
cussed first embodiment of the present invention which 
are designated with reference numerals in the 100"s 
within Figures 2 through 9, features of second and third 
embodiments of the present invention discussed here- 
inafter in Figures 10 through 15 are designated with ref- 
erence numerals in the 200"s and 300"s. In general, like, 
similar, or somewhat comparable features among the 
three embodiments generally share the same second and 
third numerical digits in their reference numeral designa- 
tions. More particularly, however, the degree of similarity 
or dissimilarity between comparable features in different 
embodiments of the present invention should be deter- 
mined from the context in which the features are illus- 
trated and discussed within the drawings and text ad- 
dressing the different embodiments. Furthermore, as has 



been done heretofore herein, mirroring features within a 
given embodiment are frequently distinguished from each 
other with an "A" or "B" simply appended to their respec- 
tive numerical designations. 
[0061] | n Figures 10A and 10B, an ultrasonic transducer flowme- 
ter system 200 pursuant to a second practicable embodi- 
ment of the present invention is shown. Similar to the first 
embodiment ultrasonic transducer flowmeter system 100 
in Figure 2, the second embodiment ultrasonic transducer 
flowmeter system 200 in Figures 10A and 10B basically 
includes two ultrasonic transducer assemblies 201A and 
201B that are mounted on a common section of duct 202. 
The two ultrasonic transducer assemblies 201A and 201B 
are particularly mounted on the duct section 202 such 
that they are on opposite sides of the duct section 202 
and are slightly offset from each other along the length of 
the duct section 202. In this configuration, the two ultra- 
sonic transducer assemblies 201A and 201B thereby help 
to monitor the flow rate of a fluid, such as liquid oxygen, 
flowing through the duct section 202 in a direction 209. 
To particularly accomplish such, ultrasonic acoustic sig- 
nals are transmitted between the upstream ultrasonic 
transducer assembly 201A and the downstream ultrasonic 



transducer assembly 201B in directions 218 and 219. 
[0062] | n general, the two second embodiment ultrasonic trans- 
ducer assemblies 201A and 201B themselves are substan- 
tially similar to the two first embodiment ultrasonic trans- 
ducer assemblies 101A1 and 101B1. More particularly, 
however, the two second embodiment ultrasonic trans- 
ducer assemblies 201A and 201B alternatively include 
separate bracket assemblies 280A and 280B, instead of 
wallmount structures 162A and 162B as in Figure 2, for 
mounting and configuring their respective housings 213A 
and 213B on the outer surface 205 of the duct wall 203. 
As illustrated in Figures 10A and 10B, the bracket assem- 
bly 280A associated with the upstream ultrasonic trans- 
ducer assembly 201A is substantially identical to the 
bracket assembly 280B associated with the downstream 
ultrasonic transducer assembly 201B. As an example, the 
bracket assembly 280A associated with the upstream ul- 
trasonic transducer assembly 201A, in particular, includes 
both a C-shaped primary wallmount bracket 262A and a 
C-shaped secondary wallmount bracket 263A. The pri- 
mary wallmount bracket 262A, first of all, includes sepa- 
rate flanges 270A and 271A at its two ends. The sec- 
ondary wallmount bracket 263A, in turn, similarly includes 



separate flanges 272A and 273A at its two ends. Defined 
completely through each of the flanges 270A, 271A, 
272A, and 273A is a hole. Given such holes, the flange 
270A of the primary wallmount bracket 262A and the 
flange 272A of the secondary wallmount bracket 263A 
can thereby be tightly fastened together with a fastening 
bolt 264A, a washer 266A, and a nut 268A as shown in 
Figure 10A. Similarly, the flange 271A of the primary wall- 
mount bracket 262A and the flange 273A of the sec- 
ondary wallmount bracket 263A can also thereby be 
tightly fastened together with a fastening bolt 265A, a 
washer 267A, and a nut 269A as shown in Figure 10B. 
When tightly fastened together as such, the primary wall- 
mount bracket 262A and the secondary wallmount 
bracket 263A are thereby cinched about the outer surface 
205 of the duct wall 203 such that they cooperatively en- 
circle the duct section 202. When configured as such, the 
lower portion of the enclosure 251A included within the 
overall housing 213A of the upstream ultrasonic trans- 
ducer assembly 201A is conterminously coupled to the 
outer surface 205 of the duct wall 203 via a hole defined 
completely through both the outer surface 214A and 
cross-section of the primary wallmount bracket 262A. 



[0063] | n Figures 11 through 15, an ultrasonic transducer fluid 
thermometer system 300 pursuant to a third practicable 
embodiment of the present invention is shown. Similar to 
both the first and second embodiment ultrasonic trans- 
ducer flowmeter systems 100 and 200 in Figures 2 and 
10A, the third embodiment ultrasonic transducer fluid 
thermometer system 300 in Figure 11 basically includes 
two ultrasonic transducer assemblies 301A and 301B that 
are mounted on a common section of duct 302. Instead, 
however, of being offset along the length of the duct as in 
the first two embodiments, the two ultrasonic transducer 
assemblies 301A and 301B are particularly mounted on 
opposite sides of the duct section 302 in a directly dia- 
metric fashion. In such a configuration, the two ultrasonic 
transducer assemblies 301A and 301B are thereby utilized 
to help monitor the temperature of a fluid, such as liquid 
oxygen, flowing through the duct section 302 in a direc- 
tion 309. To particularly accomplish such, ultrasonic 
acoustic signals are transmitted between the top ultra- 
sonic transducer assembly 301A and the bottom ultra- 
sonic transducer assembly 301B in one or both directions 
318 and 319 as shown in Figure 12. In measuring and 
monitoring the transit times of these ultrasonic acoustic 



signals through the duct section 302, the transit times can 
then be correlated to a certain fluid temperature, for 
changes in temperature within a fluid generally corre- 
spondingly affect the transit times of acoustic signals 
passing therethrough. In specifically transmitting the ul- 
trasonic acoustic signals in one or both directions 318 
and 319 which are substantially perpendicular to the di- 
rection 309 of fluid flow, the specific effect of tempera- 
ture upon acoustic signal transit times is thereby better 
isolated from the effect of changes in downstream fluid 
flow velocities which can also affect signal transit times 
and thereby potentially skew temperature measurements. 
[0064] As illustrated in Figures 11 and 12, the two third embodi- 
ment ultrasonic transducer assemblies 301A and 301B 
themselves, in general, are substantially similar to the two 
second embodiment ultrasonic transducer assemblies 
201A and 201B. More particularly, however, the two third 
embodiment ultrasonic transducer assemblies 301A and 
301B alternatively include their own respective C-shaped 
wallmount brackets 362A and 362B which can be fastened 
together in a common bracket assembly 380 instead of 
two wholly separate bracket assemblies 280A and 280B as 
in Figures 10A and 10B. In general, the wallmount brack- 



ets 362A and 362B are structurally suited for mounting 
and configuring their respective housings 313A and 313B 
on the outer surface 305 of the duct section 302. As best 
illustrated in Figure 12, the wallmount bracket 362A asso- 
ciated with the top ultrasonic transducer assembly 301A 
is substantially identical to the wallmount bracket 362B 
associated with the bottom ultrasonic transducer assem- 
bly 301B. The wallmount bracket 362A, first of all, in- 
cludes separate flanges 370A and 371A at its two ends. 
The wallmount bracket 362B, in turn, similarly includes 
separate flanges 370B and 371B at its two ends. Defined 
completely through each of the flanges 370A, 371A, 
370B, and 371B is a hole. Given such holes, the flange 
370A of the wallmount bracket 362A and the flange 370B 
of the wallmount bracket 362B can thereby be tightly fas- 
tened together with a fastening bolt 364, a washer 366, 
and a nut 368. Similarly, the flange 371A of the wallmount 
bracket 362A and the flange 371B of the wallmount 
bracket 362B can also thereby be tightly fastened together 
with a fastening bolt 365, a washer 367, and a nut 369. 
When tightly fastened together as such, the wallmount 
bracket 362A and the wallmount bracket 362B are thereby 
cinched about the outer surface 305 of the duct wall 303 



such that they cooperatively encircle the duct section 302. 
When configured as such, the lower portion of the enclo- 
sure 351A included within the overall housing 313A of the 
top ultrasonic transducer assembly 301A, for example, is 
thereby conterminously coupled to the outer surface 305 
of the duct wall 303 as best shown in Figures 14 and 15. 
Such conterminous coupling is specifically made possible, 
as further shown in Figures 14 and 15, via a fitted hole 
347A defined completely through both the outer surface 
314A and the cross-section of the wallmount bracket 
362A. 

[0065] | n general, to assemble, build, or fabricate the ultrasonic 
transducer assembly 301A set forth in Figures 11 through 
15, a piezoelectric transducer element 342A as in Figure 
16A must generally be obtained. Although other con- 
stituent piezoelectric materials such as barium titanate, 
lead titanate, or even a piezo-composite may be utilized, 
the piezoelectric transducer element 342A itself is prefer- 
ably a ceramic crystal wafer having, for example, a lead 
zirconate titanate (PZT) composition. As briefly alluded to 
earlier hereinabove, such a ceramic crystal wafer may be 
purchased, for example, from Piezo Kinetics Incorporated 
of Bellefonte, Pennsylvania. As purchased therefrom, the 



ceramic crystal wafer is generally shaped as a disk and 
has a diameter of about 3/8 inch and a thickness of ap- 
proximately 80 mils. In addition, the ceramic crystal 

TM 

wafer, as purchased, is particularly of a PZT-5 material 
type and has an inherent Curie temperature of about 500 
to 700 °F associated therewith. Lastly, as purchased, the 
ceramic crystal wafer also has two very thin metallic elec- 
trodes (not shown) situated thereon. One of the two 
metallic electrodes is attached to the top (i.e., the first 
contact surface 375A) of the ceramic crystal wafer, and 
the other of the two metallic electrodes is attached to the 
bottom (i.e., the second contact surface 376A) of the ce- 
ramic crystal wafer. Although other constituent metallic 
materials may also be suitable, the two electrodes at- 
tached to the ceramic crystal wafer, as purchased, each 
largely comprise silver. 
[0066] After obtaining the piezoelectric transducer element 

342A, the first contact surface 375A of the element 342A 
is conventionally electroplated with a first metallic film 
layer 377A as shown in Figure 16B. In a similar fashion, 
the second contact surface 376A of the piezoelectric 
transducer element 342A is conventionally electroplated 
with a second metallic film layer 378A. During the elec- 



troplating process, however, care must be exercised so 
that the aforementioned two very thin metallic electrodes 
respectively situated on the first and second contact sur- 
faces 375A and 376A of the piezoelectric transducer ele- 
ment 342A are not inadvertently damaged or detached. 
When electroplating is ultimately completed, the first 
metallic film layer 377A and the second metallic film layer 
378A preferably have respective film thicknesses within a 
range of about 4 to 6 mils. Although various other con- 
stituent soft metals such as gold, indium, or the like may 
be utilized, the first and second metallic film layers 377A 
and 378A themselves are preferably electroplated such 
that they both largely comprise silver due, at least in part, 
to both the desirable solderability and electrical conduc- 
tivity characteristics inherently associated with silver. 
[0067] | n addition to obtaining the piezoelectric transducer ele- 
ment 342A, both the open-topped enclosure 35 1A and 
the wallmount bracket 362A must be constructed. In gen- 
eral, the open-topped enclosure 35 1A, first of all, may it- 
self be made of, for example, metal, plastic, or even ce- 
ramic material, though metal is generally preferred for 
electrical grounding purposes. Given such a material com- 
position, the enclosure 351A may therefore be largely 



fabricated, shaped, and formed via conventional manufac- 
turing processes such as, for example, casting, thermo- 
forming, extrusion, machining, et cetera. When fabrication 
of the enclosure 351A is completed, the enclosure 351A 
thereby preferably has a partially fitted external surface 
352A defined as shown in Figures 13 through 15. The 
wallmount bracket 362A, on the other hand, is preferably 
made of metal and may therefore be largely fabricated, 
shaped, and formed via conventional manufacturing pro- 
cesses such as, for example, casting, machining, et 
cetera. When fabrication of the wallmount bracket 362A is 
completed, the wallmount bracket 362A thereby prefer- 
ably has an outer surface 314A defined as shown in Fig- 
ures 11 through 15 and as was described in detail earlier 
hereinabove. 

[0068] when viewed from the top as in Figure 13, the external 
surface 352A of the enclosure 35 1A is generally shaped 
as a somewhat rounded diamond. When alternatively 
viewed from the side as in Figures 14 and 15, the external 
surface 352A of the enclosure 35 1A is fittingly shaped 
such that, first, the upper portion of the enclosure 35 1A 
can snugly rest on the outer surface 3 14A of the wall- 
mount bracket 362Awhen assembled and, second, the 



lower portion of the enclosure 35 1A can closely nest 
within the hole 347A defined in the wallmount bracket 
362A when assembled. As best illustrated in Figures 14 
and 15, the hole 347A in the wallmount bracket 362A is 
particularly defined in a duct-radiate fashion. In this way, 
when ultimately assembled, the enclosure 351A is both 
mounted and precisely oriented within the hole 347A such 
that the second contact surface 376A of the piezoelectric 
transducer element 342A to be situated within the enclo- 
sure 351A generally faces the second contact surface 
376B (not shown) of the piezoelectric transducer element 
342B (not shown) to be included within the diametrically 
opposite (i.e., bottom) ultrasonic transducer assembly 
301B. Furthermore, to facilitate close and conterminous 
coupling between the lower portion of the enclosure 35 1A 
and the outer surface 305 of the duct wall 303 when as- 
sembled, the bottom surface portion 345A of the external 
surface 352A of the enclosure 35 1A is specifically con- 
toured (i.e., slightly curved inward in this particular em- 
bodiment), as shown in Figure 15, to physically comple- 
ment and closely match the contour of the outer surface 
305 of the duct wall 303. 
[0069] As best illustrated in Figures 14 and 15, the enclosure 



351A is internally shaped and machined, on the other 
hand, so as to define two threaded screw holes 349A and 
350A, two threaded bolt holes 360A and 361A, and a 
chamber 315A. The two threaded screw holes 349A and 
350A, first of all, are sized for tightly accommodating two 
threaded screws 326A and 327A. The two threaded bolt 
holes 360A and 361A, in turn, are sized for tightly ac- 
commodating two threaded bolts 330A and 33 1A. The 
chamber 315A, lastly, is somewhat generously sized so as 
to physically accommodate, when assembled, both the 
piezoelectric transducer element 342A and part of an 
electrical signals conducting means 317A. 
[0070] | n addition to electroplating the first and second contact 
surfaces 375A and 376A of the piezoelectric transducer 
element 342A, the internal surface 348A lining the empty 
chamber 315A within the open-topped enclosure 351A is 
also largely electroplated. In this way, when electroplating 
is ultimately completed, an internal metallic film layer (not 
particularly shown) is left covering the entire floor surface 
portion 344A of the internal surface 348A of the chamber 
315A in addition to some or all of the sidewall surface 
portions of the internal surface 348A as well. Preferably, 
the internal metallic film layer itself comprises gold, in- 



dium, silver, or some other soft metal and has a film 
thickness within a range of about 4 to 6 mils. Most 
preferably, however, the internal metallic film layer largely 
comprises silver due, at least in part, to its desirable sol- 
derability and electrical conductivity characteristics. 
[0071] | n addition to obtaining the piezoelectric transducer ele- 
ment 342A and fabricating both the open-topped enclo- 
sure 351A and the wallmount bracket 362A, a reverbera- 
tion resistant anechoic cone 340A is ideally provided as 
well. The anechoic cone 340A itself is conventionally fab- 
ricated such that it particularly has a flat bottom surface 
and an outward shape, as shown in Figures 14 and 15, 
which is generally circumferentially uniform about its cen- 
tral axis. In addition to such an outward shape, the ane- 
choic cone 340A also includes a threaded hole machine- 
defined into the top of its outside surface 339A and along 
its central axis. Once fabricated and provided as such, the 
outside surface 339A of the anechoic cone 140A is at 
least partially electroplated in a conventional manner with 
an outside metallic film layer (not particularly shown) 
which, at the very least, fully covers its flat bottom sur- 
face. When such electroplating is ultimately completed, 
the outside metallic film layer is ideally left having a film 



thickness within a range of about 4 to 6 mils. Although 
various other constituent soft metals such as, for exam- 
ple, gold or indium may be utilized, the outside metallic 
film layer itself preferably comprises silver due, at least in 
part, to its desirable solderability and electrical conductiv- 
ity characteristics. 
[0072] Once the piezoelectric transducer element 342A, the 

chamber 315A within the enclosure 351A, and the ane- 
choic cone 340A have all been electroplated as described 
hereinabove, the surfaces of the element 342A, the cham- 
ber 315A, and the anechoic cone 340A are all then 
cleaned to thereby remove any loose particulates or debris 
therefrom. After being cleaned, a solder in paste form is 
then applied over the internal metallic film layer within the 
chamber 3 15A in an area that specifically covers only the 
floor surface portion 344A of the internal surface 348A of 
the chamber 315A. After the solder paste is applied as 
such, the piezoelectric transducer element 342A is then 
lowered into the chamber 315A and gently pressed onto 
the applied solder paste such that the second metallic film 
layer 378A electroplated onto the second contact surface 
376A of the element 342A particularly rests immediately 
on top of the paste in a manner that generally centers the 



element 342A within the chamber 315A. Once the piezo- 
electric transducer element 342A is centered in this man- 
ner, another helping or dollop of the same solder paste is 
then directly applied onto the first metallic film layer 377A 
electroplated over the first contact surface 375A of the el- 
ement 342A. After the solder paste is applied as such, the 
anechoic cone 340A is then lowered into the chamber 
315A and gently pressed onto the second helping of sol- 
der paste such that the outside metallic film layer electro- 
plated onto the flat bottom surface portion of the outside 
surface 339A of the cone 340A particularly rests immedi- 
ately on top of the paste. 
[0073] After the anechoic cone 340A, the piezoelectric trans- 
ducer element 342A, and the two applications of solder 
paste have all been sandwiched together on top of the 
floor surface portion 344A of the chamber 315A within 
the open-topped enclosure 35 1A, the "sandwich" includ- 
ing the enclosure 35 1A is then artificially pressed and 
held together with dead weights and/or spring-loaded 
means. Once pressed and held together in this fashion, 
the sandwich including the open-topped enclosure 351A 
is then placed in an oven to be soldered and thereby 
fixedly bonded together via an oven reflow process. After 



being placed in the oven, the sandwich including the 
open-topped enclosure 35 1A is then baked for a prede- 
termined period of time of about one hour and at a tem- 
perature preferably selected from within a temperature 
range of about 250 to 450 °F. By employing such a low- 
temperature oven reflow process, a soldering environment 
with a uniform thermal gradient and a carefully controlled 
soldering temperature is thereby realized. In this way, the 
soldering temperature can be closely monitored so as to 
not exceed the inherent Curie temperature of the piezo- 
electric transducer element 342A and thereby inadver- 
tently neutralize its piezoelectric properties. Such con- 
trolled, low-temperature soldering is generally not possi- 
ble if, for example, a solder gun were to instead be uti- 
lized. Therefore, to carefully avoid the possibility of dam- 
aging the piezoelectric transducer element 342A, a low- 
temperature oven reflow process is very much preferred 
pursuant to the present invention. Furthermore, to better 
facilitate the solder-bonding effectiveness of such a low- 
temperature oven reflow process, the solder paste within 
the sandwich is preferably a low-temperature type solder 
such as, for example, an indium alloy type solder includ- 
ing a 50/50 indium/tin (In/Sn) composition. Once the 



predetermined period of time for baking has expired, the 
sandwich including the open-topped enclosure 351A is 
then removed from the oven and allowed to cool in ambi- 
ent air for a predetermined cool-down time period of 
preferably two hours or more. After cooling down, the 
dead weights and/or spring-loaded means are then re- 
moved from the sandwich and open-topped enclosure 
351A. In this way, a bond layer 343A (i.e., a solder joint) is 
ultimately formed that serves to conterminously mount 
and thereby couple the electroplated second contact sur- 
face 376A of the piezoelectric transducer element 342A to 
the electroplated floor surface portion 344A of the cham- 
ber 315A. In addition, a bond layer 341A is also ultimately 
formed that serves to conterminously mount and thereby 
couple the electroplated flat bottom surface of the ane- 
choic cone 340A to the electroplated first contact surface 
375A of the piezoelectric transducer element 342A. To 
help ensure that the bond layer 343A has desirable adhe- 
sion characteristics when later exposed to extreme tem- 
peratures in various operating environments, the material 
composition of the bond layer 343A is preferably de- 
signed such that the layer 343A has an overall inherent 
thermal coefficient of expansion (TCE) that is generally 



numerically between the inherent TCE of the piezoelectric 
transducer element 342A and the inherent TCE of the en- 
closure 35 1A. Similarly, to help ensure that the bond layer 
341A also has such desirable adhesion characteristics, the 
material composition of the bond layer 341A is preferably 
designed such that the layer 341A has an overall inherent 
TCE that is generally numerically between the inherent 
TCE of the piezoelectric transducer element 342A and the 
inherent TCE of the anechoic cone 340A. 
[0074] | n addition to both the open-topped enclosure 35 1A and 
the wallmount bracket 362A, a removable cover plate 
316A is also constructed to thereby complete the primary 
pieces that are to ultimately make up the housing 313A 
upon assembly. In general, the cover plate 316A may itself 
be made of, for example, metal, plastic, or even ceramic 
material, though metal is generally preferred for electrical 
grounding purposes. Given such a material composition, 
the cover plate 316A may therefore be largely fabricated, 
shaped, and formed via conventional manufacturing pro- 
cesses such as, for example, casting, thermoforming, ex- 
trusion, machining, et cetera. When fabrication of the 
cover plate 316A is completed, the cover plate 316A is 
thereby preferably shaped such that it evenly matches and 



thereby substantially covers the open top of the enclosure 
351A. In addition, the cover plate 316A is also preferably 
shaped such that it has a plurality of holes defined 
therethrough. These holes, in particular, include two 
threaded screw holes 353A and 355A, two threaded bolt 
holes 358A and 359A, and a hole 354A for physically ac- 
commodating the aforementioned electrical signals con- 
ducting means 317A. The two threaded screw holes 353A 
and 355A, first of all, are sized for tightly accommodating 
the two threaded screws 326A and 327A. In addition, the 
two threaded screw holes 353A and 355A are also 
collinearly aligned respectively with the two threaded 
screw holes 349A and 350A defined in the upper portion 
of the enclosure 351A. The two threaded bolt holes 358A 
and 359A, in turn, are sized for tightly accommodating 
the two threaded bolts 330A and 33 1A. In addition, the 
two threaded bolt holes 358A and 359A are also 
collinearly aligned respectively with both the two threaded 
bolt holes 360A and 361A defined in the upper portion of 
the enclosure 35 1A and also the two threaded bolt holes 
356A and 357A defined in the outer surface 314A of the 
wallmount bracket 362A. Given such hole alignment, the 
cover plate 316A can thereby be removably fastened onto 



the open top of the enclosure 351A with the two threaded 
screws 326A and 327A and a pair of small annular wash- 
ers 328A and 329Awhen assembled as shown in Figures 
13 and 14. Furthermore, the cover plate 316A along with 
the enclosure 351A can also be removably fastened onto 
the wallmount bracket 362A with the two threaded bolts 
330A and 331A and a pair of large annular washers 332A 
and 333Awhen assembled as shown in Figures 13 and 
15. 

[0075] | n addition to constructing the removable cover plate 

316A, both an electrical connector 32 5A and a first metal- 
lic lug 335A are ideally provided as well. At its first end, 
the electrical connector 325A is capable of receiving the 
end of a coaxial cable in a firmly locked fashion. At its op- 
posite second end, the electrical connector 32 5A and the 
first metallic lug 335A are fixed together such that the lug 
335A is in electrical contact with a center conductor 334A 
situated along the center axis of the connector 325A. 
Once the electrical connector 32 5A and the first metallic 
lug 335A are properly fixed together as such, the electri- 
cal connector 325A itself is installed in a fixed fashion 
within the hole 354A defined in the removable cover plate 
316A. To facilitate airtight sealing of the chamber 315A 



within the enclosure 35 1A, a small amount of silicone 
grease, for example, is preferably applied on the outer 
sides of the connector 325A just prior to being installed 
within the hole 354A of the cover plate 316A. 
[0076] Furthermore, in addition to the above, a second metallic 
lug 337A, a threaded metal screw 338A, and a long and 
bare service wire 336A are also ideally provided. The sec- 
ond metallic lug 337A, first of all, is made integral with or 
fixedly attached onto the top of the metal screw 338A 
such that the lug 337A and the screw 338A are in electri- 
cal contact with each other. The bare service wire 336A, in 
turn, is preferably constructed from a plurality of electri- 
cally conductive strands that are substantially held to- 
gether via braiding, interweaving, knotting, plaiting, 
stranding, twisting, tying, or wrapping to thereby render 
the wire 336A characteristically flexible and substantially 
able to withstand vibration without breaking. Constructed 
as such, the first end of the bare service wire 336A is both 
crimped and soldered onto the first metallic lug 335A. 
Similarly, the second end of the bare service wire 336A is 
both crimped and soldered onto the second metallic lug 
337A. In this manner, an interconnected and removable 
cover plate assembly is thereby ultimately formed which 



includes the removable cover plate 316A, the electrical 
connector 325A, the first metallic lug 335A, the bare ser- 
vice wire 336A, the second metallic lug 337A, and the 
threaded metal screw 338A. 
[0077] Once the removable cover plate assembly has been com- 
pletely constructed, the chamber 315A and its contents 
are all then cleaned to thereby remove any loose particu- 
lates or debris therefrom. After being cleaned, the 
threaded metal screw 338A of the cover plate assembly is 
then screwed and tightly received within the threaded hole 
defined in the solder-mounted anechoic cone 340A. To 
prevent the bare service wire 336A from being inadver- 
tently shorted electrically to the internal surface 348A of 
the chamber 315A during future operation, cotton balls, 
foam balls, solidifying sponge-type Styrofoam™, or the 
like (not shown), for example, are preferably packed and 
stuffed about the wire 336A in a manner that both physi- 
cally supports and electrically isolates the wire 336A from 
the internal surface 348A of the chamber 315A. As an al- 
ternative, an insulative cylindrical liner (not shown) may 
instead be slipped down into the chamber 315A such that 
the liner closely lines and covers the electroplated internal 
surface 348A of the chamber 315A. 



[0078] Once the bare service wire 336A has been physically sup- 
ported and electrically isolated in a proper fashion, a thin 
layer (not shown) of silicone grease, for example, is 
preferably applied to the bottom surface 379A of the re- 
movable cover plate 316A. After such application, the 
cover plate 316A is then mounted and tightly screwed to 
the top of the enclosure 35 1A with the two threaded 
screws 326A and 327A along with the two washers 328A 
and 329A as shown in Figures 13 and 14. In this way, air- 
tight sealing of the chamber 315A and its contents within 
the enclosure 35 1A is thereby facilitated in order to help 
prevent the infiltration of contaminants and corrosion. 

[0079] jo establish conterminous coupling between the lower 
portion of the enclosure 351A and the outer surface 305 
of the duct wall 303, the external surface 352A of the 
lower portion of the enclosure 351A is electroplated with 
a "wet" metallic film layer 346A just prior to the enclosure 
351A being pressed down and mounted within the hole 
347A defined through the wallmount bracket 362A. When 
such electroplating is ultimately completed, the external 
metallic film layer 346A is ideally left having a film thick- 
ness within a range of about 4 to 6 mils. Although various 
other constituent soft metals such as, for example, silver 



or indium may be utilized, the external metallic film layer 
346A itself preferably comprises gold due, at least in part, 
to its desirable resistance to corrosion. After the external 
surface 352A of the lower portion of the enclosure 351A 
has been electroplated as such, and after the wallmount 
bracket 362A has been appropriately mounted on the duct 
wall 303 as in Figures 11 and 12, the enclosure 351A is 
then slipped into the hole 347A within the wallmount 
bracket 362A and firmly pressed down such that an elec- 
troplated bottom surface portion 345A of the enclosure 
351A comes into surface- matching contact with the outer 
surface 305 of the duct wall 303. Upon being situated as 
such, the enclosure 35 1A along with the cover plate 316A 
are then tightly screwed to the wallmount bracket 362A 
with the two threaded bolts 330A and 33 1A along with 
the two washers 332A and 333A as shown in Figures 13 
and 15. In this way, the external metallic film layer 346A, 
at the very least, particularly establishes conterminous 
coupling between the bottom surface portion 345A of the 
external surface 352A of the enclosure 35 1A and the 
outer surface 305 of the duct wall 303 via the hole 347A 
within the wallmount bracket 362A. As an ultimate result, 
the overall housing 313A is thereby configured on the 



outer surface 305 of the duct section 302 such that the 
housing 313A is at least partially conterminous with the 
outer surface 305 of the duct section 302 and such that 
the piezoelectric transducer element 342A is thereby cou- 
pled to the outer surface 305 of the duct section 302 in a 
substantially conterminous fashion. 
[0080] After both the cover plate 316A and the enclosure 351A 
have been bolted down onto the wallmount bracket 362A, 
the free end of a coaxial cable 320A may then be locked 
onto the top end of the electrical connector 325A as 
shown in Figures 14 and 15. The coaxial cable 320A, in 
essence, serves as part of the aforementioned electrical 
signals conducting means 317A. As intimated earlier 
hereinabove with regard to other embodiments, the elec- 
trical signals conducting means 317A primarily serves the 
role of conducting electrical signals between the electro- 
plated first contact surface 375A of the piezoelectric 
transducer element 342A and the outside of the housing 
313A. In this way, an electric control circuit remotely situ- 
ated outside of the housing 313A can thereby transmit or 
receive electrical signals to or from the piezoelectric 
transducer element 342A for the purpose of determining 
the temperature of the liquid oxygen passing through the 



duct section 302. As illustrated in Figures 14 and 15, the 
electrical signals conducting means 317A in this third em- 
bodiment primarily includes the coaxial cable 320A, the 
electrical connector 325A, the first metallic lug 335A, the 
bare service wire 336A, the second metallic lug 337A, the 
metal screw 338A, and the anechoic cone 340A. In other 
practicable embodiments, however, electrical signals con- 
ducting means incorporated therein may alternatively in- 
clude other combinations of various electrically conductive 
elements or components. For example, the anechoic cone 
340A may optionally be altogether omitted and the metal- 
lic lug 337A, sans the metal screw 338A, may be oven- 
soldered directly onto the electroplated first contact sur- 
face 375A of the piezoelectric transducer element 342A. 
In general, in any given embodiment of an electrical sig- 
nals conducting means, the elements or components in- 
cluded therein, as well as their respective configurations, 
should ideally render the electrical signals conducting 
means as being, overall, generally vibration tolerant. To 
help ensure such vibration tolerance, electrical signals 
conducting means that largely include soft metals or soft 
metal solder joints are generally recommended. 
[0081] | n Figure 17A, a flow chart broadly summarizing the 



above-described process for fabricating the ultrasonic 
transducer assembly 301A is illustrated therein. As set 
forth within the flow chart, the fabrication process itself 
basically includes, first of all, the step 381 of electroplat- 
ing a first metallic film layer 377A on a first contact sur- 
face 375A of a piezoelectric transducer element 342A and 
electroplating a second metallic film layer 378A on an op- 
posite second contact surface 376A of the piezoelectric 
transducer element 342A, and the step 382 of situating 
the piezoelectric transducer element 342A in a chamber 
3 15A within a housing 313A. In addition, the fabrication 
process also basically includes the step 383 of solder- 
mounting the electroplated second contact surface 376A 
of the piezoelectric transducer element 342A within the 
housing 313A such that the piezoelectric transducer ele- 
ment 342A is thereby coupled to the housing 313A in a 
substantially conterminous fashion, and the step 384 of 
installing a means 317A for conducting electrical signals 
between the electroplated first contact surface 375A of 
the piezoelectric transducer element 342A and the out- 
side of the housing 313A. Lastly, the fabrication process 
also basically includes the step 385 of closing the housing 
313A such that the piezoelectric transducer element 342A 



is thereby substantially enclosed within the chamber 315A 
of the housing 313A, and the step 386 of configuring the 
housing 3 13A on the outer surface 305 of the duct 302 
such that the housing 313A is at least partially contermi- 
nous with the outer surface 305 of the duct 302 and such 
that the piezoelectric transducer element 342A is thereby 
coupled to the outer surface 305 of the duct 302 in a 
substantially conterminous fashion. Although the steps 
381 through 386 as set forth in Figure 17A are presented 
in a simple sequential fashion, it is to be understood that 
certain steps or portions of steps may be performed si- 
multaneously or even in a slightly different sequence of 
order for various different embodiments. 
[0082] | n general, the process set forth in the flow chart of Figure 
17 A may generally be followed for many, if not most, em- 
bodiments of ultrasonic transducer assemblies fabricated 
pursuant to the present invention. For example, in addi- 
tion to the ultrasonic transducer assembly 301A in Figures 
11 through 15, the same general fabrication process may 
also be utilized to construct the ultrasonic transducer as- 
sembly 101A1 of Figures 4 and 6 as well as the ultrasonic 
transducer assembly 201A of Figures 10A and 10B. For 
the ultrasonic transducer assembly 101A2 of Figures 8 



and 9, however, a slightly different fabrication process in- 
cluding the steps 391 through 396 as set forth in the flow 
chart of Figure 17B is a little better suited therefor. 
[0083] | n summary, in implementing one or more of the above- 
described preferred embodiments or methodologies pur- 
suant to the present invention, a piezoelectric transducer 
element is thereby coupled to the outer surface of a duct 
in a substantially conterminous fashion such that any ele- 
ment-to-housing or housing-to-duct coupling medium or 
solder joint is particularly able to largely endure cryogenic 
temperatures and withstand extreme vibration without 
experiencing significant micro-cracking, fracture, or de- 
lamination. This ability to tolerate such extreme condi- 
tions is largely due to the soft, ductile, or malleable met- 
als (i.e., gold, indium, silver, et cetera) that are particularly 
incorporated within any such element-to-housing or 
housing-to-duct coupling medium or solder joint pur- 
suant to the present invention. In particular, such soft 
metals cooperatively allow for a certain degree of lateral 
or tangential movement when a piezoelectric transducer 
element experiences extreme vibration. At the same time, 
such soft metals also compensate and allow for thermal 
expansion and shrinkage of coupled or soldered surfaces 



under extreme and everchanging temperatures without 
compromising good contact adhesion between such sur- 
faces. As an ultimate result of incorporating such soft 
metals, ultrasonic acoustic signals transmitted or received 
by a piezoelectric transducer element incorporated within 
an ultrasonic transducer assembly pursuant to the present 
invention are therefore not unduly interfered with. Hence, 
an ultrasonic transducer assembly in a preferred embodi- 
ment, or fabricated according to a preferred methodology, 
pursuant to the present invention can therefore be effec- 
tively utilized in liquid-propellant type rocket engine 
propulsion applications as well as, for example, aircraft 
engine fuel measurement applications, rotorcraft engine 
fuel measurement applications, and the like. 
[0084] Furthermore, it is believed that various alternative embod- 
iments, methodologies, design considerations, and appli- 
cations of the present invention will become apparent to 
those skilled in the art as well. For example, instead of 
utilizing gold, indium, or silver, other soft metals such as 
aluminum, copper, tin, and the like may alternatively be 
included within metallic film layers and/or solder joints 
incorporated within ultrasonic transducer assemblies ac- 
cording to the present invention. In addition, alternative 



metallic film thicknesses, soldering temperatures, solder 
times, cooling off times, et cetera may be utilized as well 
depending on desired ultrasonic transducer assembly de- 
sign and performance goals. Lastly, ultrasonic transducer 
assemblies pursuant to the present invention may alterna- 
tively be utilized to monitor the flow of fluids other than 
liquid oxygen. Such other fluids may include, for example, 
liquid helium, liquid hydrogen, liquid nitrogen, et cetera. 
[0085] while the present invention has been described in what 
are presently considered to be its most practical and pre- 
ferred embodiments or implementations, it is to be un- 
derstood that the invention is not to be limited to the dis- 
closed embodiments. On the contrary, the present inven- 
tion is intended to cover various modifications and equiv- 
alent arrangements included within the spirit and scope of 
the appended claims, which scope is to be accorded the 
broadest interpretation so as to encompass all such modi- 
fications and equivalent structures as is permitted under 
the law. 



